Laser resist stripping (1) for the positive-tone diazonaphthoquinone (2) / novolak resist (3) was successful without an occurring the laser damage (5) to a Si wafer (6). The fundamental (1064 nm) of pulsed Nd:YAG laser irradiation (4) in the water can improve the resist stripping effect as compared with that of atmosphere irradiation. In the case of the laser irradiation in water, the heat that occurred at Si wafer surface reaches the water on the resist surface across a thin resist layer. The effect of this heat occurs at the interface between resist surface and the water. By momentary cubical expansion of the water at the resist surface, the resist catches the pressure from water. The water on the resist surface will be worked like a wall rejecting a pressure. The resist stripping effect in the water condition was thought to improve by both thermal expansion of the Si wafer and pressure from the water. And also, a laser irradiation of 532 nm having large photon energy was found to be higher resist stripping efficiency than that of the wavelength 1064 nm.
Introduction
Resists are used in semiconductors (IC, LSI) and liquid crystal display (LCD) manufacturing processes. The resist pattern is transferred to the resist by three processes (spin coating, exposure, and development). The resist is etched to form a mask, and ions are implanted. Finally, the unneeded resist is removed. Resist removal from substrates in the semiconductor manufacturing process conventionally uses oxygen plasma [1, 2] and/or chemicals (e.g., sulfuric acid hydrogen peroxide mixture (SPM)). The SPM process removes the resist at about 0.2 µm/min, although dissolution of the resist can be accelerated by heating the solution to above 100 ℃ . In LCD production, solution 106 (mono-ethanol amine + dimethylsulfoxide) is used, but is both harmful to the environment and expensive. A sodium hydroxide solution is used to remove the poly acrylic resist from printed-circuit boards. Ultimately, environmentally unfriendly chemicals are used in large amounts, and cause environmental damage [3, 4] . Ozone ashing [5, 6] is being considered as an environmentally-friendly technique to remove resists. It is necessary to attain a temperature above 250 ℃, so devices are occthe Sionally damaged by the high temperature. Ozonized water processing [7] , UV / ozone method [8, 9] and wet ozone processing [10] [11] [12] [13] [14] [15] using ozone and a small amount of water were investigated, but the removal rate was very low.
A resist removal method using atomic hydrogen, which has excellent reduction ability, was developed. The resist is decomposed into -CxHy and -OH by atomic hydrogen, which is generated by contact catalysis on a hot-wire catalyzer [16] [17] [18] [19] . This method, which is a dry method without plasma, is expected to reduce costs and environmental damage. Additionally, using atomic hydrogen can avoid the oxidation of semiconductor substrates and metal interconnects.
However the substrate temperature reaches about 200 ℃ because of the use of a 2000 ℃ hot-wire catalyzes.
Using a laser instead of chemicals to remove the resist has the advantage of reducing environmental risks. A laser can focus energy on the material without physical contact, and virtually any material can be laser machined. Therefore, excimer laser micromachining has been studied. Resist removal by laser processing would be environmentally sensible since there is almost no waste. Fujita et al. [20] reported that poly acrylic resist used for printed circuit boards could be removed by irradiation with a 532 nm laser. We reported that a positive-tone diazonaphthoquinone (DNQ) / novolak resist used in semiconductor and LCD manufacturing was removed by laser (266 nm) [21] . When an ultraviolet laser beam was irradiated to the resist on the Si wafer at the atmosphere, the resist does photodissociation by the energy of an absorbed laser beam. The resist material is removed by ablation from the surface lamination. However this does not strip the resist material from the Si wafer. In contrast, laser beam having a long wave length such as visible from near infrareds was irradiated to the resist in the atmosphere, the resist slightly strips due to local thermal expansion by the absorbed energy of a laser beam to the Si wafer surface, but laser damage occurs to the Si wafer surface simultaneously.
In this study, we developed resist stripping technology for a positive-tone DNQ / novolak resist by using laser irradiation from visible to near infrared wavelength. The cheap photon cost for the laser beam from visible to near infrared wavelength is extremely important to the industrial application of resist stripping technology. To reduce irradiated laser energy as compared with the laser damage threshold of the Si wafer, the Si wafer with resist was sunk in the water in this experiment. The local heat effect generated by the absorption of the laser beam on the Si wafer surface and a wall effect with water on the resist surface were used for the improvement of the resist stripping effect. Laser irradiation from visible to near infrared wavelength in the water made the resist stripping successful without producing laser damage to the Si wafer, just like laser irradiation in the atmosphere.
Experimental Procedure
HMDS was spin-coated onto the Si wafer substrate using a spin-coater (ACT-300A from ACTIVE) at 3000 rpm for 60 sec. Then, the positive DNQ / novolak resist (OFPR-800 from Tokyo Ohka Kogyo Co., Ltd.) was spin-coated at 3000 rpm for 60 sec. The resist was pre-baked at 100 ℃ for 60 sec. The resist thickness was found to be 1100 nm by profilometry (Dektak6M from ULVAC). To evaluate the optical characteristic of resist in fundamental wavelength and the higher harmonic wavelength of Nd:YAG laser, the DNQ / novolak resist was spin-coated onto a fused silica substrate. The spectral properties from UV to a near infrared of the resist were measured with a spectral photometer (UV-3100PC from SHIMADZU). The reflectance from the Si wafer surface was also evaluated by the measurement of direct laser irradiations.
The fundamental (1064 nm) and the second harmonics (532 nm) of a pulsed Nd:YAG (Y 3 Al 5 O 12 ) laser were used in this study. The laser irradiation environment for the resist was changed in the water from the atmosphere as shown in Figure 1 . The resist was irradiated by a "1-on-1" method (an irradiated place is changed every pulse). A lens with a focal length f = 300 mm was used to focus the laser radiation onto the resist surface. The intensity of the pulses was varied with an attenuator consisting of a polarizer and a half-wave plate. The prepared resist was installed perpendicularly in a container having an aperture for laser beam incidence. The distance from the water surface to the resist was controlled using the quantity of the water put in the container. The resist was irradiated with a laser beam of 532 nm and 1064 nm in the water at a depth of 2 mm, respectively. Figure 1 . Experimental setup of the laser irradiation for resist stripping in the water
Results and Discussion
The optical characteristic of the resist sample in fundamental wave and the higher harmonics of Nd:YAG laser is summarized in Table 1 . The UV wavelength, a positive-tone DNQ / novolak resist is not transparent optically. The irradiating laser beam, the having large photon energy, is absorbed to the resist surface. Therefore, the resist material is removed from the Si wafer surface by ablation. In addition, due to the high reflectance of the Si wafer surface in the ultraviolet wavelength, the Si wafer surface is not damaged by the irradiation laser beam. As the laser beam wavelength ranges from visible to near infrared, the resist is optically transparent. The irradiated laser beam arrives at the interface of the Si wafer and the resist. Because the reflectance of the Si wafer surface at these wavelengths is low, approximately 60 % or more of the energy of the laser beams is absorbed to the Si wafer surface. Therefore the Si wafer surface undergoes thermal expansion through absorbing laser energy. The positive-tone DNQ / novolak resist is stripped from the Si wafer locally by the difference in the coefficient of thermal expansion between the Si wafer surface and the resist material, but laser damage occurs simultaneously to the Si wafer surface. To realize resist stripping in the laser wavelength of the visible from near infrared, improvement of the resist stripping effect is indispensable.
To reduce irradiated laser energy as compared with the laser damage threshold of the Si wafer, the Si wafer with resist was sunk in the water during this experiment. For the laser irradiation in the water, the resist was a completely stripped from the Si wafer at wavelengths of both 1064 nm and 532 nm. Figure 2 shows a photograph of the processed surfaces when a laser beam with 1064 nm was irradiated to the resist in a normal atmosphere and in water. The energy of irradiated laser beam was adjusted to the intensity at which laser damage did not occur to the Si wafer surface in normal atmospheric conditions. For the irradiation of laser beam to the resist in a normal atmosphere, the resist slightly rises from the Si wafer surface by a difference of the coefficient of thermal expansion between the Si wafer surface and the resist material. Furthermore, if the laser energy intensity is increased, the resist slightly strips along with damage to the Si wafer surface. In contrast, for the laser irradiation in the water, the resist stripped from the Si wafer without occurring laser damage. The resist strips in almost all surfaces irradiated with a laser beam. Around the laser irradiation spot, the stripping resist was scattered in a cracked configuration. Therefore, resist stripping effect clearly improves under laser irradiation to the resist in water. In addition, the stripped resist can be collected by rinsing with water.
In order not to generate laser damage to the Si wafer in this laser resist stripping process, differences between the stripping threshold (the point at which the resist begins stripping from the Si wafer) and the surface laser damage threshold (laser damage occurs at the resist and Si wafer interface) are required. If the difference of these two thresholds is large, resist stripping is enabled in a safe laser irradiation condition. For the laser irradiation to the resist in the atmosphere, resist stripping threshold and surface laser damage threshold are similar as described before. The resist stripping threshold and surface laser damage threshold were measured for laser irradiation to the resist in the water. Figure 3 shows the measurement results of the resist stripping threshold and the surface laser damage threshold for laser irradiation in water. At the wavelength of 1064 nm, the surface laser damage threshold was 1.5 J/cm 2 , and the resist stripping threshold was 1.2 J/cm 2 . The resist stripping threshold was about 20 % lower than the surface laser damage threshold. In addition, the difference of these two thresholds further increased at 532 nm. The surface laser damage threshold was 0.36 J/cm 2 , and the resist stripping threshold was 0.19 J/cm 2 . The resist stripping threshold decreased to approximately 50 % of the surface laser damage threshold. The laser wavelength of 532 nm having large photon energy was found to be more effective at resist stripping than that of the wavelength of 1064 nm. Furthermore, the resist stripping threshold for the wavelength of 532 nm was measured in the depth condition from a water surface of 2 mm, 5 mm, and 10 mm. The clear difference of the resist stripping threshold was not able to be confirmed in these depth conditions. However, the degree to which the resist splits and crush seems to decrease as the distance from the water surface. The mechanisms through which the resist stripping effect improves with laser irradiation in the water are as follows. When the laser irradiation from visible to near infrared was irradiated to the resist on the Si wafer, the irradiated laser beam passes through resist and arrives at the Si wafer and resist interface. Approximately 36 % of laser energy is reflected from the Si wafer surface, and about 60 % or more is absorbed to the Si wafer during 8 ns of pulse duration. The temperature of the Si wafer surface rapidly rises by absorbing laser energy and causes local thermal expansion. The resist rises from the Si surface by a difference of the coefficient of thermal expansion between the Si wafer surface and the resist material, and a partial crack occurs. In the case of the laser irradiation in water, the heat that occurred at Si wafer surface reaches the water of the resist surface across a thin resist layer. The effect of this heat occurs at the interface between resist surface and the water. By momentary cubical expansion of the water at the resist surface, the resist catches the pressure from water as shown in figure 4 . The water of the resist surface works like wall rejecting pressure. The resist stripping effect in the water condition was thought to improve due to both the thermal expansion of the Si wafer and pressure from the water. In addition, demonstration of the resist stripping with laser beam scanning was performed in the water. A pulsed 532 nm laser was irradiated to the resist with 2 pulses per one place. A laser beam was scanned every 100µm after the laser irradiation of 2 pulses. The micro photography for resist stripped Si surface after 532 nm laser scanning is shown in Figure 5 . At the laser irradiated surface, the resist has been completely stripped from the Si surface without occurring laser damage. In contrast, the resist coated on the Si wafer remain on the surface without the laser irradiation. The stripping rate of the resist depends on the laser pulse number. Thus, a laser light source with a large beam diameter and high repetition rare is required for its industrial application.
Conclusion
We have developed resist stripping technology for a positive-tone DNQ / novolak resist by using a laser beam from visible to near infrared wavelength. When the resist on the Si wafer was irradiated in the water with the fundamental wavelength (1064 nm) and the second harmonic wavelength (532 nm) of Nd:YAG, the resist stripping from the Si wafer was successful without generating laser damage to the Si wafer surface. The resist stripping threshold and the surface laser damage threshold at the interface between the Si wafer and resist were measured to confirm the resist stripping effect. At the wavelength of 1064 nm, the resist stripping threshold was about 20 % lower than to the surface laser damage threshold. In addition, the difference of these two thresholds increased by more than 532 nm. The resist stripping threshold decreased to approximately 50 % of the surface laser damage threshold. Laser irradiation of wavelength 532 nm, having large photon energy, was found to have a higher resist stripping effect than that of wavelength 1064 nm. Furthermore, the demonstration of the resist stripping with laser beam scanning was performed in the water. The resist completely strip from the Si surface without causing laser damage. From these results, the irradiation of the laser beam from visible to near infrared to the resist in the water enables resist stripping from the Si wafer.
